In a multi-health center study, a new rapid optical immunoassay (OIA) for the detection of Shiga toxin types 1 and 2, the BioStar OIA SHIGATOX kit (Inverness Medical Professional Diagnostics, Inc.), was used to prospectively screen 742 fresh fecal samples for Shiga toxins in parallel with the Premier enterohemorrhagic Escherichia coli (EHEC) kit (Meridian BioScience, Inc.) with and without enrichment of the specimens by incubation in MacConkey broth. Additionally, 85 previously tested frozen fecal samples were assessed as described above. All positive immunoassay results were confirmed by the Vero cell cytotoxicity assay. A further modification of the screening procedure was evaluated on 470 of the prospectively screened specimens. Swabs of growth from conventionally plated stool culture media were subjected to the OIA SHIGATOX, and results were compared with those obtained with the Premier EHEC kit following broth enrichment. Overall, the OIA SHIGATOX kit was significantly more sensitive than the Premier EHEC kit on fresh direct stool specimens (sensitivities, 96.8% and 83.9%, respectively; P < 0.05). The two assays performed equally well with each other on frozen and broth-enriched samples. The colony sweep method used in conjunction with the OIA kit was somewhat more effective at detection of Shiga toxins from growth on agar than the overnight broth enrichment procedure used with the Premier EHEC assay (sensitivities, 100% and 92%, respectively; P < 0.09). Overall, the OIA SHIGATOX kit provided rapid, easy-to-interpret results and was highly effective at detection of Shiga toxin-producing E. coli in fecal samples and overnight cultures.
Since the emergence of Shiga toxin (Stx)-producing Esche richia coli (STEC) serotype O157:H7 as an agent of hemor rhagic colitis and the hemolytic-uremic syndrome (HUS) in 1982, hundreds of outbreaks of disease associated with entero hemorrhagic E. coli (EHEC) have been reported in the United States (12) , including a large multistate outbreak associated with bagged spinach last year (3) . The serotype (O157) and the characteristic phenotype of these strains to generally not fer ment sorbitol have aided their recognition in the microbiology laboratory (6) . However, numerous other serotypes of STEC have also been documented to cause a spectrum of diseases, ranging from mild diarrhea to HUS, that present sporadically or in outbreak situations (8) . In 1999 the CDC estimated from clinical and laboratory data that 110,000 cases of STEC infec tion occur annually in the United States, with 73,000 cases attributable to E. coli O157:H7 and the remaining one-third (37,000 cases) attributed to non-O157 serotypes (10) . Unfor tunately, culture strategies that are used only for patients with bloody diarrhea, methods based strictly on screens for nonsorbitol fermenters or serotype O157, and the limited use of techniques for the detection of Shiga type toxins fail to capture the true incidence of non-O157 STEC or the extent of STEC infections in general. In some settings where methods for the detection of Stx(s) have been used, the incidence of non-O157 strains appears to be greater than that estimated earlier, ac counting for 46 to �50% of STEC isolates (1, 4) . Since non O157 STEC strains became reportable pathogens in 2000, the U.S. CDC recommends that laboratories routinely screen stool cultures for STEC and utilize methods for Stx detection such as immunoassay or PCR (2, 16) . If Stx detection is to be practical and widely implemented, the method must be rapid, sensitive when used directly on clinical specimens, and condu cive to timely application without the need for batch testing. The BioStar SHIGATOX test is a 15-min, self-contained assay for Stx types 1 and 2 (Stx1 and Stx2) (without differentiation of types) that uses the optical immunoassay (OIA) format for toxin detection. In the OIA method in general, slight changes in the optical thickness caused by antigen-antibody interactions on the surface of a silicon wafer alter light reflection, a phe nomenon that is visually perceived as a color change. For the SHIGATOX test, the optical surface is coated with heterolo gous anti-Stx antibodies that capture Stx1 and/or Stx2 if it is present in a test sample. The subsequent addition of secondary anti-Stx1 and -2 antibodies increases the thickness of the assay surface, and light reflection is altered to the extent that the surface then appears purple rather than gold.
In a prospective study conducted from Lake City) regions of the United States, the OIA SHIGATOX method was compared to the established Premier EHEC en zyme-linked immunoassay (EIA) for the detection of STEC (9) . We report the findings of that investigation here and conclude that the SHIGATOX OIA toxin detection method is a more sensitive, faster, and easier method for the detection of Stx's directly from stool and after culture enrichment than the Premier EIA method.
MATERIALS AND METHODS
Sample collection. Seven hundred forty-two fresh liquid or semisolid fecal samples (without transport media) that were submitted to the participating laboratories for culture of enteric pathogens were sequentially enrolled in the phase I prospective study. Samples from patients over the age of 5 months were included without limitation by sex or by inpatient or outpatient status, provided there was an adequate amount of sample for culture, the Premier EHEC assay, the SHIGATOX assay, and the cytotoxicity assay (at least 15 ml for liquid stools or a walnut-sized mass for semisolid stools). One sample per patient per 24-h period was allowed. The date and time of stool collection and the date of enrollment in the study were recorded. Each sample was assigned the next sequential study identification number, and patient confidentiality was main tained during all subsequent steps of the studies. Samples were either tested as received on the day shift or refrigerated for no more than 36 h prior to process ing. Two 1-ml aliquots were collected and frozen for future testing (Vero cyto toxicity assay).
Culture methods. Stool samples were plated and streaked for isolation on xylose lysine decarboxylase (XLD) and/or sorbitol MacConkey (SMAC) agar, and MacConkey broth was inoculated. Agar plates were examined after over night incubation at 37°C, and non-sorbitol-fermenting colonies were verified to be E. coli by biochemical testing performed with the Vitek-2 system (Bio Mérieux, Inc., Durham, NC). The O157 serotype was determined by latex ag glutination. MacConkey broth cultures were incubated for 18 to 24 h at 35°C and assayed for toxin (see below). Additionally, 85 previously tested fecal samples (contributed by Choong Park and Judy Daly from frozen [�70°C] sample librar ies) were cultured as described above and screened for Stx's.
Culture sweep method. At one center, Inova Fairfax Hospital (IFH), an ad ditional 470 fresh stool specimens were prospectively screened for STEC by an alternate method (phase II). In that procedure, four to six sweeps of surface growth from SMAC agar plates that had been incubated overnight were collected on a rayon swab. The swabs were then screened by the OIA SHIGATOX method according to the manufacturer's directions for direct stool samples. For 200 of the colony sweep cultures, growth was also taken from XLD agar plates for comparison of Stx detection with XLD versus SMAC agar. In addition, 24 frozen stool specimens, previously identified as STEC culture positive, were thawed and cultured on SMAC agar and in MacConkey broth. The results obtained by the OIA detection method were compared to those obtained from overnight MacConkey broth cultures tested by the Premier EHEC EIA method.
Cross-reactivity studies. A selection of organisms commonly isolated from feces, taken from a library of frozen clinical isolates previously identified mostly with the Vitek-2 gram-negative system, was tested by the OIA with the colony sweep method (described above) after growth on blood agar plates to assess the potential for cross-reactivity. (Fig. 1 ). An enrichment step in which fecal samples were incubated overnight in MacConkey agar was also done. Although not recommended by either kit manufac turer, a "blind" sweep of culture growth was also tested for toxin detection as previously described (15) . Direct fecal samples or enrichment broth culture samples that were positive by either toxin assay or by SMAC agar screening were frozen and shipped with dry ice to the Uniformed Services University of the Health Sciences for testing in a blinded fashion by the Vero cell cytotoxicity assay as described by Gentry and Dalrymple (7). Samples were scored positive by the cytotoxicity assay if either the enrichment broth or the direct specimen yielded �500 50% cytotoxic doses per ml of sample on Vero cells. Sensitivity was calculated as the number of true positives divided by the sum of true positives plus false negatives and expressed as a percentage. Specificity was determined as the number of true negatives divided by the sum of false positives and true negatives and expressed as a percentage. The statistical significance of differ ences in sensitivity and specificity values between the two assay methods was determined by chi-square analysis.
RESULTS
Phase I studies. In the prospective screening of fecal sam ples (Table 1) , the OIA Stx detection kit was more sensitive than the Premier EHEC kit (sensitivities, 96.8% and 83.9%, respectively [P � 0.05]), with no statistical difference in spec ificity. Four false-positive results were obtained by the OIA method on fecal samples that were noted to have a very mu coid consistency. We considered that the presence of mucus in such specimens may alter the refractivity of the OIA reaction surface. Although we did not modify the study protocol to retest these samples, we speculate that the presence of mucus may warrant more-stringent washing of the OIA kit detection surface or dilution of the stool sample (see below) to avoid false positives.
As anticipated, enrichment of stool samples by broth culture improved the detection of Stx(s) by both methods (sensitivities, 100% for the OIA and 96.8% for the EIA [not significantly different]). Broth enrichment also corresponded to a reduction in the number of false-positive OIA results from those ob tained for direct samples, an observation that may be the result of dilution in broth of the mucus in the sample.
Technologists at two of the clinical sites also retrospectively tested 85 frozen archived fecal specimens that had previously been screened for Stx(s) by EIA. Thawed samples were tested directly and cultured in enrichment broth (Table 2) ; however, 11 previously frozen samples failed to grow in enrichment broth. The sensitivities and specificities of the two methods correlated well when tested on the thawed samples, and no false positives were encountered by either method (100% spec ificity for both methods). The sensitivities of both assays on frozen samples were somewhat lower than those observed with fresh samples. We considered that the Shiga toxins may have deteriorated somewhat after freezing and thawing. Thus, a reduction in toxin concentration may have occurred and re sulted in false negatives by both the EIA and OIA direct methods compared to the extremely sensitive Vero cytotoxicity assay for Shiga toxins. Freezing and thawing might also have adversely affected bacterial viability and contributed to re duced sensitivity of toxin detection in enrichment broth cul tures from frozen specimens, a hypothesis supported by the failure of some samples previously reported to contain STEC to grow in enrichment cultures.
Phase II study. In one case study, swabs of fecal flora grown overnight on solid agar were reported to provide an alternative method to overnight broth enrichment and detection of STECs when used with an investigational immunochromatographic handheld Stx detection kit similar in design to the OIA kit (15) . Here we sought to evaluate this colony sweep method in con junction with the rapid OIA kit. As a standard we chose to use the well-accepted method of overnight broth enrichment as sayed with the Premier EHEC kit (shown in this report to provide comparable sensitivity to the OIA method following broth enrichment). OIA results on swabs from conventionally RAPID Stx DETECTION BY OIA 3379 plated fresh or frozen fecal samples were compared with EIA results on the same specimens following growth for enrichment in MacConkey broth ( Table 3 ). As before, we noticed a slight drop in the sensitivity of the EIA after sample freezing with the broth enrichment method; however, the sensitivity and speci ficity of the colony sweep OIA were both 100% compared to conventional culture and/or direct fecal screening by EIA. Growth derived from XLD agar or SMAC agar gave equiva lent results, while none of the colony sweeps from pure cul tures of non-Shiga-toxigenic organisms reacted in the OIA. Together these findings suggest that screening of growth from routinely plated fecal cultures may serve as a reliable backup STEC screening method.
In Table 4 , some characteristics of the 27 STEC-positive individuals identified in the prospective patient screening at IFH are summarized. The symptom of blood in the stool was observed with similar frequencies in O157 and non-O157 STEC infections (73.7% and 75%, respectively), and approxi mately 25% of the STEC-infected patients did not exhibit this symptom. No cases of HUS occurred among this population, and fewer than half of these patients were under the age of 18 years.
DISCUSSION
Our evaluation of the OIA SHIGATOX detection method showed very good correlation with the results obtained by the well-accepted Premier EHEC method. In addition, we ob served that the OIA method was more sensitive than the EIA (14) . In addition, therapies such as humanized monoclonal antibodies that can be passively administered to protect against Shiga toxins are in development (5, 13) . Once these therapies are available, at-risk patients who have been identified by rapid toxin detection methods can be treated promptly, since the efficacy of such interventions is likely to be proportional to the speed with which therapy is administered. Another important observation from these studies is the efficacy of the OIA method for the direct screening of colony sweeps from conventionally plated stool cultures. Although not as rapid as direct fecal screening, the OIA is comparable to the broth enrichment technique and provides an additional method for screening cultures that have already been plated, perhaps at off-site satellite laboratory facilities. The colony sweep procedure would also be very useful for identification of isolates from a toxin-positive stool that produces Shiga toxins, particularly among those that ferment sorbitol. It should be emphasized that although Stx detection has immediate impli cations for patient care, this method does not obviate the need for the isolation and identification of Stx-producing organisms. The importance of reporting and profiling such isolates is to identify non-O157 STEC strains that may also be responsible for outbreaks of food-or waterborne disease among the gen eral public (2) .
Finally, the use of toxin detection methods expands our recognition of the scope of non-O157 STEC in diarrheal dis ease. Data from the past 10 years at IFH, where all diarrheal stools are screened with the Premier EHEC kit, revealed that 35% of STEC-positive patients had non-O157 serotypes and 30% had nonbloody samples (11; also unpublished data). In fact, screening for toxin production showed that STEC repre sented the second most frequently diagnosed enteric pathogen, behind Salmonella enterica, at IFH. Similarly, in this study, one third-of the STEC strains identified were non-O157 isolates. Routine screening for O157 and non-O157 STEC strains in patients regardless of age and without limitation to bloody stools may increase the detection of STEC infections overall and help to control the spread of these potentially life-threat ening infections.
